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ABSTRACT
Multidrug resistance protein 4 (MRP4; ABCC4) is a member
of the MRP/ATP-binding cassette family serving as a trans-
membrane transporter involved in energy-dependent efflux
of anticancer/antiviral nucleotide agents and of physiological
substrates, including cyclic nucleotides and prostaglandins
(PGs). Phenotypic consequences of mrp4 deficiency were
investigated using mrp4-knockout mice and derived immor-
talized mouse embryonic fibroblast (MEF) cells. Mrp4 defi-
ciency caused decreased extracellular and increased in-
tracellular levels of cAMP in MEF cells under normal and
forskolin-stimulated conditions. Mrp4 deficiency and RNA
interference-mediated mrp4 knockdown led to a pronounced
reduction in extracellular PGE2 but with no accumulation of

intracellular PGE2 in MEF cells. This result was consistent with
attenuated cAMP-dependent protein kinase activity and re-
duced cyclooxygenase-2 (Cox-2) expression in mrp4-deficient
MEF cells, suggesting that PG synthesis is restrained along
with a lack of PG transport caused by mrp4 deficiency. Mice
lacking mrp4 exhibited no outward phenotypes but had a de-
crease in plasma PGE metabolites and an increase in inflam-
matory pain threshold compared with wild-type mice. Collec-
tively, these findings imply that mrp4 mediates the efflux of
PGE2 and concomitantly modulates cAMP mediated signaling
for balanced PG synthesis in MEF cells. Abrogation of mrp4
affects the regulation of peripheral PG levels and consequently
alters inflammatory nociceptive responses in vivo.

MRP4 (ABCC4) is a member of the multidrug resistance
proteins (MRPs) belonging to the C group of the ATP-binding
cassette (ABC) protein superfamily. To date, nine total MRP
members, MRP1 (ABCC1), MRP2 (ABCC2), MRP3 (ABCC3),
MRP4 (ABCC4), MRP5 (ABCC5), MRP6 (ABCC6), MRP7
(ABCC10), MRP8 (ABCC11), and MRP9 (ABCC12), have been
identified. MRP4 functions as an energy-dependent, transmem-
brane efflux transporter closely related to three other MRP
family members, MRPs 5, 8, and 9, with respect to structure
and functional characteristics (Kruh and Belinsky, 2003;

Deeley et al., 2006). Based upon predicted membrane topol-
ogy, MRPs 4, 5, 8, and 9 consist of a cytoplasmic segment (L0)
and a P-glycoprotein-like core structure but lack the NH2-
terminal domain (TMD0) that is present in all of the other
MRPs (Kruh and Belinsky, 2003; Deeley et al., 2006). MRPs
1, 2, 3, and 4 function physiologically as organic anion trans-
porters mediating the efflux of glutathione, glucuronate, and
sulfate conjugates whereas MRP5 does not (Kruh and Belin-
sky, 2003; Deeley et al., 2006).

Both MRPs 4 and 5 are capable of transporting cAMP and
cGMP (Jedlitschky et al., 2000; Chen et al., 2001), the cyclic
nucleotides that play critical roles in intracellular signaling.
This unique transport capacity also led to the findings that
MRPs 4 and 5 mediate the efflux of purine nucleotide analogs
derived from the anticancer 6-thiopurines and of the antivi-
ral purine nucleotide analog 9-(2-phosphonylmethoxy-
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ethyl)adenine (PMEA; Adefovir) (Schuetz et al., 1999; Wijn-
holds et al., 2000; Chen et al., 2001). MRP8 (ABCC11) has
recently been shown to also transport cAMP and cGMP, as
well as purine and pyrimidine nucleotide analogs (Guo et al.,
2003; Chen et al., 2005). In the mouse, however, there is no
ortholog for MRP8 (Shimizu et al., 2003; Maher et al., 2005).
Although the functions of mrp9/MRP9 (abcc12/ABCC12) are
currently undefined, this transporter is extensively distrib-
uted in various human tissues but is expressed only in mouse
testis (Shimizu et al., 2003; Maher et al., 2005). Thus, the
transport of physiological substrates by mrp4 and mrp5 is
less likely to be influenced by mrp8 or mrp9 in the mouse.

The cyclic nucleotides and prostaglandins (PG) E1 and E2

are among several physiological substrates identified as be-
ing transported by MRP4 (Reid et al., 2003; Sauna et al.,
2004; Rius et al., 2005). The cyclic nucleotides are well-
characterized physiological molecules with pivotal roles in
cellular communication and signaling. cAMP functions as
an intracellular second messenger that mediates a broad
range of cellular responses by activation of cAMP-depen-
dent protein kinase (PKA) (Mayr and Montminy, 2001).
The activation of PKA involves the binding of cAMP to
regulatory subunits and the subsequent dissociation and
nuclear translocation of catalytic subunits. Nuclear-local-
ized catalytic subunits mediate the phosphorylation of the
cAMP-response element (CRE)-binding protein (CREB) at
Ser133, which promotes the transcription of a variety of
target genes (Mayr and Montminy, 2001).

Two isoforms of cyclooxygenases (Cox) are required for
catalyzing the synthesis of PGs from arachidonic acid. Cox-1
is constitutively expressed in most tissues, whereas Cox-2 is
rapidly induced in response to mitogens, growth factors, and
inflammatory cytokines (Smith et al., 2000). The Cox-2 gene
contains a consensus CRE motif, TGACGTCA, in its pro-
moter sequences and is one of many genes transcriptionally
targeted by the cAMP-dependent signaling pathway (Mayr
and Montminy, 2001). The induction of Cox-2 is responsible
for an increase in the production of PGE2, a primary PG
involved in hyperalgesia through enhancing nociceptive ef-
fects of inflammatory mediators at the site of inflammation
(Burian and Geisslinger, 2005). Therefore, inhibition of Cox-
mediated PG synthesis is broadly accepted as the primary
mechanism for the antinociceptive effects of nonsteroidal
anti-inflammatory drugs (NSAIDs).

In the present study, the functional importance of mrp4,
the murine ortholog of MRP4, in the transport of cAMP and
PGE2 was investigated through establishment of mice with a
homozygous disruption of the mrp4 gene. The involvement of
mrp4 in the efflux transport of PGs and the cAMP-mediated
signaling pathway was also explored with immortalized em-
bryonic fibroblast cell lines established from mrp4-deficient
mice. Through behavioral analyses of gene knockout ani-
mals, a phenotypic consequence of the mrp4 deficiency in-
volving altered inflammatory nociceptive response was also
elucidated. The findings demonstrate that mrp4 contributes
to the transport of PGs and the regulation of the cAMP-
mediated signaling pathway leading to PG synthesis.

Materials and Methods
Generation and Breeding of Mrp4-Null (Mrp�/�) Mice. The

embryonic stem cell line RR212 (strain 129P2/Ola Hsd) containing

a heterozygous gene trap disruption of the abcc4 gene was ob-
tained from BayGenomics/Multiple Myeloma Research Consor-
tium (MMRC) (University of California Davis, Davis, CA). Chime-
ras were generated from this cell line by standard blastocyst
microinjection and embryo transfer by the Animal Genomics Ser-
vices at the Yale University School of Medicine (New Haven, CT).
High percentage male chimeras were mated with C57BL/6 female
mice (Charles River, Wilmington, MA), and agouti F1 offspring
were genotyped using PCR analyses for the presence of the neo-
mycin sequence (see Genotyping). Positive, mrp4�/� F1 mice were
subsequently mated to yield F2 animals with homozygous disrup-
tion of the mrp4 gene (mrp4�/�).

Genotyping. Tail DNA was purified using the Puregene Genomic
DNA Purification Kit (Gentra Systems, Minneapolis, MN) according
to the manufacturer’s instructions. Initial PCR neomycin cassette-
based genotyping of the F1 heterozygotes was conducted according to
the protocol of BayGenomics/MMRC using the neomycin sequence
forward primer 5�-CTTGGGTGGAGAGGCTATTC-3� and the reverse
primer 5�-AGGTGAGATGACAGGAGATC-3�. Subsequent genotyping
was directed at unique wild-type and knockout alleles by South-
ern blot and/or PCR analyses. NCBI-BLAST genomic DNA homol-
ogy searching placed the 5�-rapid amplification of cDNA ends
mrp4 sequence of the RR212 ES clone within the Mus musculus
clone RP24–212C1 (AC122778). AC122778 contains EcoRV re-
striction sites at positions 21258 and 38757, yielding a 17.5-kb
wild-type band on Southern blotting. Gene trap insertion of the
disrupting vector sequence (pGT1lxf; BayGenomics) between the
wild-type EcoRV sites of AC122778 introduced a third EcoRV site
yielding a diagnostic 11.5-kb knockout allele. Hybond-N� mem-
brane (GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK)
blots of EcoRV digested genomic DNA (15 �g) were probed with a
32P-labeled 514-bp PCR generated probe, located 5� to the dis-
rupted intronic sequence of AC122778. The probe was prepared by
amplifying the sequence of AC122778 corresponding to position
21752 through 22266 with the forward/reverse primer pair 5�-
TAGGGTGAGATGGTGCAG-3�/5�-CCTTAGATTTGCCTGTGG-3�.
Subsequently, all genotyping was performed by PCR using a cock-
tail of three primers: 5�- TCCATGAGACATGCATTGAGTGACT-3�
(wild-type forward), 5�-GAACACCAGTAGGGATCTCGCTAT (wild-
type reverse), and 5�-ATGAGATGGATTGGCAGATGTAGCT-3� (knock-
out reverse) under the conditions of one cycle of 95°C for 2 min,
followed by 35 cycles of 95°C for 1 min, 63°C for 1 min, 72°C for 1 min,
and finally one cycle of 72°C for 7 min. The PCR reaction yielded a
582-bp wild-type product and a 220-bp knockout product. Sequence
analysis of the knockout PCR product localized the insertion of the
disrupting vector sequence to the intronic sequence of AC122778 im-
mediately 3� to nucleotide 25950, with the most 5� portion of the dis-
rupting vector, pGT1lxf, being nucleotide 1196 of the En2 sequence.

Generation and Immortalization of Primary Embryonic
Fibroblasts. Mrp4�/� and mrp4�/� primary embryonic fibroblasts
were generated by pairing heterozygous mrp4�/� parents, followed
by harvesting embryos on days 14.5 to 15.5 and genotyping. The
pregnant dam was euthanized by carbon dioxide asphyxiation and
swabbed with 70% ethanol, and the uterus was removed. The 12
embryos within were individually minced with a sterile razor blade,
incubated with trypsin/EDTA, dissociated, and cultured in dishes
containing Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, penicillin, and streptomycin. Fibroblasts
were frozen at passage 2. The procedure for transfection and immor-
talization of primary embryonic fibroblast cells was described previ-
ously (Lin et al., 2002) with some modification. In brief, primary
embryonic fibroblast cells were cotransfected with pCC2pA and
pCMV-Bsd plasmids. At 48 h after transfection, 4 �g/ml of Blas-
ticidin S (Invitrogen, Carlsbad, CA) was added for 10 days to
select resistant colonies. The total population of resistant colonies
was pooled for each of the mrp4�/� and mrp4�/� fibroblasts, which
were continuously cultured in the presence of Blasticidin S for
another month and expanded into immortalized cell lines.
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RT-PCR Analysis. Total RNA was isolated using an RNeasy kit
(QIAGEN, Valencia, CA) according to the manufacturer’s protocol.
Primer sequences of wild-type mrp4 (AY415508) for RT-PCR were
forward 5�-TGTGCTGCTTAACATGGTGG-3� and reverse 5�-GCAAAT-
CATCCATGTGTCCG-3�. For the knockout mrp4/�-geo (�-galactosi-
dase-neomycin fusion) RT-PCR reaction, the same forward primer
for wild-type mrp4 and a reverse primer 5�-TCCCAGTCACGACGT-
TGTAA-3�, corresponding to the sequence of pGT1lxf vector from
position 1645 through 1664, were used. Primer sequences of murine
mrp1, mrp5, and �-actin and RT-PCR conditions used were described
previously (Lin et al., 2002).

Cytotoxicity Assay. The sensitivity of immortalized fibroblasts
to PMEA (Moravek, Brea, CA; Gilead, Foster City, CA) was deter-
mined by the MTS cytotoxicity assay as described previously (Lin
et al., 2002).

cAMP-dependent Protein Kinase Assay. Cell pellets were re-
suspended in ice-cold PKA extraction buffer (25 mM Tris-HCl, 0.5
mM EDTA, 0.5 mM EGTA, 10 mM �-mercaptoethanol, 0.5 mM
PMSF, and proteinase inhibitor cocktail; Roche, Indianapolis, IN),
sonicated, and centrifugated to clear the lysates. Aliquots of lysates
were used to measure protein concentrations by the Bio-Rad deter-
gent-compatible protein assay (Bio-Rad Laboratories, Hercules, CA)
according to the manufacturer’s instructions. PKA activity was de-
termined using the SignaTECT cAMP-dependent protein kinase as-
say system (Promega) as follows. Five microliters of cell lysate was
added to 20 �l of a reaction cocktail (40 mM Tris-HCl, pH 7.4, 20 mM
MgCl2, 0.1 mg/ml bovine serum albumin, and 100 �M ATP, including
0.5 Ci/mmol [�32P]ATP and 100 �M biotinylated Kemptide sub-
strate). The positive control reaction included 1 �M cAMP. Negative
control reactions consisted of either substituted cell extraction buffer
for cell lysates or included the PKA inhibitor protein PKI[5–24]
(Promega, Madison, WI). Kinase reactions were incubated at 25°C
for 5 min and then terminated with 0.5� volume of 7.5 M guanidine-
HCl. Ten microliters of stopped reactions were applied to a strepta-
vidin-coated membrane. Unbound labeled substrates were washed
from the membrane four times with 200 ml of 2 M NaCl, then four
times with 200 ml of 2 M NaCl in 1% H3PO4, and finally 2 times with
100 ml of deionized water; the membrane was then dried using a gel
dryer. To determine the specific activity, 2 �l of terminated reactions
were applied onto a membrane without washing; membranes were
then exposed to a PhosphorImager screen. The intensities of spots
were quantified and processed using ImageQuant software (GE
Healthcare).

cAMP Enzyme Immunoassay. Cells were seeded into 6-well
plates at 4 � 105 cells/well in 1 ml of complete medium and grown for
26 h. The medium was then collected and processed directly for
measurement of extracellular cAMP levels. The cell monolayer was
rinsed twice with ice-cold PBS and then incubated with 0.3 ml of 0.1
M HCl for 20 min at room temperature. The cells were then scraped,
collected, and pipetted up and down until the lysate became homo-
geneous. The lysate was centrifuged and the supernatant was trans-
ferred for determination of intracellular cAMP levels using a cyclic
AMP EIA kit (Cayman Chemical, Ann Arbor, MI) according to the
manufacturer’s instructions.

PGE2 Enzyme Immunoassay. Cells were seeded into six-well
plates at 4 � 105 cells/well in 1 ml of complete medium, and grown in
the presence or absence of drugs for 26 h. The medium was then
collected and processed for measurement of extracellular PGE2 lev-
els. The cell monolayer was rinsed twice with ice-cold PBS and
collected by scraping into 1 ml of ice-cold PBS. Cells were pelleted
and stored at �80°C before the purification of intracellular PGE2.
Duplicate sets of samples were also saved for determination of cel-
lular protein concentrations. Purification of intracellular PGE2 was
accomplished using C-18 Amprep minicolumns (GE Healthcare).
Frozen cell pellets were taken up in 1 ml of homogenization buffer
(0.1 M phosphate, pH 7.4, containing 1 mM EDTA, and 10 �M
indomethacin), and then sonicated briefly three times in 3-s bursts.
An aliquot of each sample was spiked with PGE2 (20 pg) before

purification for monitoring the recovery rate. After the addition of
1 ml of acetone, the samples were vortexed, allowed to stand for
20 min, and centrifuged at 25°C for 10 min; the acetone was then
evaporated under a gentle stream of nitrogen. The pH of the samples
was adjusted to 4.0 using 1 N HCl and the C-18 columns were
activated before the addition of sample with 1 ml of methanol and
2 ml of water. After the addition of sample, the columns were washed
with 1 ml of water followed by 1 ml of hexanes and the PGE2 was
eluted with 1 ml of ethyl acetate containing 1% methanol. The
samples were subsequently dried under a gentle stream of nitrogen
for the ELISA PGE2 determinations. Both extracellular and intra-
cellular PGE2 were measured using the prostaglandin E2 EIA kit
(Cayman Chemical, Ann Arbor, MI) according to the manufacturer’s
instructions.

Measurement of Plasma PGE Metabolite. Mice were eutha-
nized by CO2 asphyxiation, and at least 500 �l of blood were imme-
diately obtained and transferred into a tube containing EDTA (Mi-
crotainer; BD Biosciences, Franklin Lakes, NJ). The tubes were
centrifuged and 25 �l of supernatant containing plasma was trans-
ferred to a tube in which 7.5 �l of carbonate buffer (Cayman Chem-
ical, Ann Arbor, MI) was added. The plasma was then incubated at
37°C for 24 h. Thereafter, 10 �l of phosphate buffer and 7.5 �l of EIA
buffer (Cayman Chemical) were added to the plasma, which was
processed for measurement of PGEM using the Prostaglandin E
Metabolite EIA kit (Cayman Chemical) according to the manufac-
turer’s instructions.

Western Blot Analysis. The procedures were as described pre-
viously (Lin et al., 2002). Anti-mrp4 (M4I-10) antibody was obtained
from Abcam (Cambridge, MA). Anti-mrp5 (C-17), Cox-2 (C-20), and
Cox-1 (H-62) antibodies were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). Anti-actin antibody was supplied by Sigma-
Aldrich (St. Louis, MO).

Generation of sh/siRNA and Transient Transfections. Mouse
mrp4 shRNAs were derived from the 19-base sequence of mouse mrp4
cDNAs CCACAGGCCAGATAGTTAA and CCTCGGCCTTAACAA-
TATT (666–684 and 4041–4059, respectively, GenBank accession num-
ber NM_001033336). The control shRNA was a nontargeting sequence
shRNA as described previously (Lin et al., 2007). shRNA was generated
by in vitro transcription using a MessageMuter shRNAi production kit
(Epicenter, Madison, WI) according to methods published previously by
our laboratory (Lin et al., 2007). Cells were plated in six-well plates,
incubated for 24 h, and transfected with 50 nM shRNA using a Lipo-
fectamine 2000 transfection reagent (Invitrogen) according to the man-
ufacturer’s protocol. Transfected cells were incubated for the appropri-
ate times before assays.

Determination of Inflammatory Pain Thresholds. Behav-
ioral analyses were performed to assess mechanical and thermal
nociceptive thresholds in a model of inflammatory pain. Mrp4�/�

mice and control mrp4�/� mice were exposed to 50 �l of a 3%
capsaicin solution in 30% DMSO by intradermal injection into the
glabrous surface of the hind paw using 3% halothane anesthesia.
After acclimation to the testing area (30 min), mechanical sensory
thresholds were determined by paw withdrawal from the application
of a series of von Frey filaments (Stoelting, Wood Dale, IL) to the
glabrous surface of the paw. After application of calibrated von Frey
filaments (0.4–26 g, verified by calibration against a force trans-
ducer) with enough force to cause buckling of the filament, a modi-
fication of the “up-down” method of Dixon (1980) was used to deter-
mine the value at which paw withdrawal occurred 50% of the time
(Chaplan et al., 1994), interpreted to be the mechanical nociceptive
threshold.

After acclimation to the test chamber, thermal hyperalgesia was
assessed by measuring the latency of paw withdrawal in response to
a radiant heat source (Dirig et al., 1997). Mice were placed in Plexi-
glas boxes on an elevated glass plate under which a radiant heat
source (4.7 amps) was applied to the glabrous surface of the paw
through the glass plate. The heat source was turned off automati-
cally by a photocell upon limb-lift, allowing the measurement of paw
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withdrawal latency. Three min was allowed between each trial, and
4 trials were averaged for each limb.

Results
Homozygous Disruption of Mrp4 in Mice and MEFs.

The mrp4 gene was disrupted by a GeneTrap vector through
an insertional mutation in the intron sequence between ex-
ons 18 and 19. As a result, the normal transcript processing
of mrp4 mRNA was interrupted by the exon of the �-geo gene
from the inserted GeneTrap vector (Fig. 1A). Disruption of
both alleles of the mrp4 gene was confirmed by Southern
blotting (Fig. 1B) and PCR analysis (Fig. 1C) of tail genomic
DNA. Mice containing homozygous disruption of the mrp4

gene bred normally and did not display an outward pheno-
type appreciably different from their wild-type counterparts
(data not shown).

Immortalization of mrp4�/� and mrp4�/� primary embry-
onic fibroblasts derived from these mice was carried out by
the previously described method of stable transfection with
the simian virus 40 large T antigen (Lin et al., 2002). Abro-
gation of mrp4 expression at the mRNA level by the
GeneTrap vector was confirmed by RT-PCR analyses for
these immortalized cell lines. Using primers corresponding to
the sequences in exons 16 and 20 of mrp4, a predicted 356-bp
RT-PCR product was amplified in mrp�/� MEF cells but not
in mrp4�/� MEF cells (Fig. 1D). Because the disruption by
the GeneTrap vector resulted in �-geo sequences joined to the
exon sequences of mrp4 after exon 18 (Fig. 1A), a predicted
290-bp, mrp4-�-geo fusion PCR product was amplified only in
mrp4�/� MEF cells when the same forward primer of wild-
type mrp4 and a reverse primer of the �-geo gene in the
vector were used. RT-PCR products for mrp1, mrp5, and
�-actin mRNA were amplified at comparable levels among
mrp4�/� and mrp4�/� MEF cells. Furthermore, a complete
elimination of mrp4 protein was also verified in mrp4�/�

MEF cells by Western blot analysis (Fig. 1E). The level of
mrp5 protein in mrp4�/� MEF cells remained similar to that
of mrp4�/� MEF cells.

Augmentation of PMEA Cytotoxicity and Intracellu-
lar cAMP Levels in Mrp4-Deficient MEF Cells. MRP4
reportedly serves as a high-affinity transporter for the nu-
cleotide analog PMEA, and overexpression of MRP4 has been
shown to confer resistance to the cytotoxicity of PMEA
(Schuetz et al., 1999; Lee et al., 2000). To determine the
effects of mrp4 abrogation on the sensitivity of cells to PMEA,
the cytotoxicity of this agent to MEF cells after 72 h of
exposure was determined by the MTS cytotoxicity assay.
Mrp4�/� MEF cells exhibited a marked increase (10-fold) in
sensitivity to PMEA compared with mrp4�/� MEF cells (Fig.
2A). In contrast, both MEF cell lines exhibited similar sen-
sitivity to vinblastine, a cytotoxic agent that is not trans-
ported by mrp4 (Fig. 2B). We have also found that treatment
with MK-571, an inhibitor of mrp4 (Chen et al., 2002), par-
tially sensitized mrp4�/� MEF cells to PMEA (data not
shown). These results are consistent with a recent report of
independently developed mrp4-deficient mice (Belinsky et
al., 2007) and indicate that the loss of mrp4 augments the
cytotoxicity of PMEA as a result of a decrease in efflux of this
agent in mrp4�/� MEF cells.

Using models of overexpressing cell lines and/or membrane
vesicles, MRP4 has been demonstrated to mediate the efflux
of cAMP (Chen et al., 2001; Wielinga et al., 2003). To corrob-
orate this phenomenon with cells deficient in mrp4, we mea-
sured the levels of extracellular and intracellular cAMP in
MEF cells stimulated with forskolin (FSK), an activator of
adenylate cyclase that induces a rapid elevation of the intra-
cellular cAMP level (Seamon et al., 1981). Exposure to FSK
for 1 h caused a significant increase in extracellular and
intracellular cAMP levels in both mrp4�/� and mrp4�/� MEF
cells (Fig. 2C). The FSK-induced increase in the level of extra-
cellular cAMP in mrp4�/� MEF cells was significantly greater
than that occurring in mrp4�/� MEF cells. The lower basal and
stimulated levels of extracellular cAMP in mrp4�/� MEF cells
may be produced by the efflux activity of mrp5 (Jedlitschky et
al., 2000). In contrast, exposure to FSK produced a significantly

Fig. 1. Identification of mice with homozygous disruption of the mrp4
gene and expression of mrp4 in derived immortalized MEF cells. A,
partial maps of the mouse genomic mrp4 locus, the GeneTrap construct,
and the disrupted allele. Exons 17, 18, and 19 of the mrp4 gene are shown
as solid bars. The GeneTrap construct was inserted into the intronic
sequence between exons 18 and 19 of the mrp4 gene. The size of the
GeneTrap construct was not drawn to scale. En2, the mouse En2 intron
1 containing a splice acceptor of the En2 exon 2 preceding the �-geo exon.
�-geo, fusion of �-galactosidase and neomycin transferase. pA, simian
virus 40 polyadenylation signal. B, southern blot analysis of the mrp4
locus in mice. Tail genomic DNA was digested with EcoRV, and the blot
was hybridized with a 514 bp of 32P-labeled probe located 5� to the
disrupted intronic sequence of mrp4. The wild-type band is 17.5 kb; the
insertion results in a band of 11.5 kb. C, PCR genotyping for disruption of
the mrp4 locus in mice. MW, molecular size marker. Five nanograms of
genomic DNA was amplified by PCR with a cocktail of three primers as
described under Materials and Methods. The reaction yielded a 582-bp
wild-type product and a 220-bp knockout product that were separated on
an agarose gel stained with ethidium bromide. (D) RT-PCR analysis of
the mrp4 transcript in MEF cells. Total RNA from mrp4�/� and mrp4�/�

MEF cells was reverse-transcribed and amplified with primer sets spe-
cific for mrp4, mrp4/�-geo fusion, mrp1, mrp5, and �-actin cDNAs. PCR
products were separated on an agarose gel stained with ethidium bro-
mide. E, Western blot analysis of mrp4 protein expression in MEF cells.
Total protein was analyzed for mrp4, mrp5, and actin. Actin protein was
used to demonstrate approximately equal loading of each lane.
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greater increase in the level of intracellular cAMP in mrp4�/�

MEF cells than that occurring in mrp4�/� MEF cells. The basal
level of intracellular cAMP in mrp4�/� MEF cells was signifi-
cantly higher than that in mrp4�/� MEF cells. These findings
suggest that the disruption of mrp4 reduces the efflux of cAMP
and therefore leads to an elevated level of intracellular cAMP
under normal and stimulated conditions.

Effects of Mrp4 Deficiency on PKA Activity and
Cox-2 Expression. The activity of PKA is modulated by
changes in the intracellular level of cAMP. Therefore, we
determined whether mrp4 deficiency had effects on basal and
stimulated PKA activity in MEF cells. To further augment
cAMP levels and PKA activity, 3-isobutyl-1-methylxanthine
(IBMX), a broad-spectrum phosphodiesterase inhibitor that
blocks the hydrolysis of cAMP (Chasin and Harris, 1976),
was also used in combination with FSK. Mrp4�/� MEF cells
exhibited a significant decrease in basal PKA activity (�50%)
relative to mrp4�/� MEF cells (Fig. 3A). Treatment with
IBMX alone for 1 h had minimal effect on basal PKA
activity but augmented FSK-stimulated PKA activity in
both mrp4�/� and mrp4�/� MEF cells. Exposure to FSK or
FSK in combination with IBMX for 1 h seemed to cause an
increase in PKA activity of greater magnitude in mrp4�/�

MEF cells compared with that occurring in mrp4�/� MEF
cells. These findings indicate that PKA activity responds to
a rapid change in the intracellular level of cAMP stimu-
lated by FSK treatment. In addition, the basal and overall
PKA activities are attenuated in mrp4-deficient cells, pos-
sibly as a result of a prolonged accumulation of intracel-
lular cAMP.

Cox-2, a cAMP-responsive gene, contains a CRE in its pro-
moter region (Mayr and Montminy, 2001). It has been reported
that the basal expression of Cox-2 is regulated by CREB protein
(Wardlaw et al., 2002; Pino et al., 2005). To determine whether
the mrp4 deficiency had effects on Cox-2 expression, the protein
levels of Cox-2 in MEF cells were determined by Western blot
analysis. Consistent with PKA activity, mrp4�/� MEF cells
displayed a reduction (�50%) in the basal level of Cox-2 protein
compared with mrp4�/� cells (Fig. 3B). These results were also
in agreement with a decrease in the transcriptional activity of
CREB in mrp4�/� MEF cells as determined by luciferase re-
porter assay (data not shown). The levels of Cox-2 protein after

Fig. 2. Effects of mrp4 deficiency on the intracellular accumulation of
PMEA and cyclic AMP in MEF cells. A and B, cytotoxicities of PMEA and
vinblastin. Mrp4�/� and mrp4�/� MEF cells were exposed to various
concentrations of PMEA or vinblastine for 72 h. Cell viability was then
determined by the MTS cytotoxicity assay and expressed as a percentage
of a vehicle-treated control. Data points are the mean � S.E. of three
determinations. C, extracellular and intracellular levels of cAMP. After
24 h of culture under normal conditions, mrp4�/� and mrp4�/� MEF cells
were treated with vehicle or 10 �M FSK for 1 h. The growth medium and
cellular extracts were collected and assayed for cAMP levels using an EIA
kit as described under Materials and Methods. Both extracellular and
intracellular levels of cAMP were normalized against the amount of
intracellular protein for respective samples and expressed as picomoles
per milligram of protein. Values are the mean � S.E. of three determi-
nations. Statistical difference was determined by a one-way ANOVA. �,
p � 0.05, compared with the control in each genotype. ��, p � 0.05,
compared with control mrp4�/� MEF cells. #, p � 0.05, compared with
FSK-treated mrp4�/� MEF cells.

Fig. 3. Effects of mrp4 deficiency on PKA activity and Cox-2 expression in
MEF cells. A, PKA activity in MEF cells exposed to FSK and IBMX.
Mrp4�/� and mrp4�/� MEF cells were plated for 24 h and then treated
with 250 �M IBMX for 30 min before treatment with 10 �M FSK for 1 h.
Cellular extracts were prepared for determination of PKA activity as
described under Materials and Methods. PKA activity is expressed as
picomoles per minute per microgram of total protein. Values are the
mean � S.E. of three determinations. Statistical difference was deter-
mined by a one-way ANOVA. �, p � 0.05, compared with the control in
each genotype. ��, p � 0.05, compared with control mrp4�/� MEF cells. B,
Cox-2 expression in MEF cells exposed to FSK and IBMX. After plating
for 24 h, mrp4�/� and mrp4�/� MEF cells were pretreated with 250 �M
IBMX for 30 min and then exposed to vehicle or 10 �M FSK for 6 h. Forty
micrograms of total protein were analyzed for Cox-2 and actin levels by
Western blotting. Quantification of Cox-2 protein levels is shown as the
ratio of Cox-2 to actin for respective samples. C, effects of prolonged
exposure to IBMX on Cox-2 expression. Mrp4�/� and mrp4�/� MEF cells
were plated and simultaneously treated with various concentrations of
IBMX for 24 h. Total protein was analyzed for Cox-2 levels as described
in B.
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treatment with the cAMP-modulating agents described in Fig.
3A for 6 h were also quantified. Treatment of mrp4�/� and
mrp4�/� MEF cells with FSK or FSK in combination with
IBMX produced an increase in the levels of Cox-2 protein in a
manner analogous to that of PKA activity (Fig. 3B). These
findings suggest that the expression of Cox-2 is under the con-
trol of PKA activity and is also attenuated as a result of mrp4
deficiency in MEF cells.

To test whether the attenuation of the PKA activity and
Cox-2 expression was caused by a constant increase in basal
level of intracellular cAMP in mrp4-deficient cells, the level
of Cox-2 protein after prolonged exposure of MEF cells to
IBMX was determined by Western blot analysis (Fig. 3C).
Treatment of mrp4�/� MEF cells with IBMX at all tested
concentrations for 24 h had no effect on the level of Cox-2. In
contrast, the same treatment produced a further decrease in
Cox-2 levels in mrp4�/� MEF cells, presumably as a result of
a lack of or a slowdown in the removal of accumulated intra-
cellular cAMP by mrp4. This finding confirms that a persis-
tent increase in intracellular cAMP is accountable for the
attenuation of PKA activity and Cox-2 expression in mrp4-
deficient cells.

Contribution of Cox-2 and Mrp4 to the Efflux of
PGE2 in MEF Cells. MRP4 has been shown to mediate the
efflux of PGE2, one of the primary prostaglandins secreted by
cells, in an ATP-dependent manner (Reid et al., 2003; Sauna
et al., 2004; Rius et al., 2005). To characterize the kinetics of
mrp4-mediated prostaglandin transport and the effects of
mrp4 deficiency, the time course of changes in extracellular
and intracellular levels of PGE2 in MEF cells was deter-
mined, PGE2 levels being measured at 3, 8, and 24 h after cell
plating. Extracellular PGE2 rapidly reached the highest level
at 3 h followed by a gradual decline between 8 and 24 h (Fig.
4A), with mrp4�/� MEF cells exhibiting a much greater
increase in the level of extracellular PGE2 than mrp4�/� cells
over the time course of measurement. At 24 h, mrp4�/� MEF
cells showed a moderate decline (39% of the highest level
reached) in the level of extracellular PGE2, whereas mrp4�/�

MEF cells exhibited a greater reduction (62% of the highest
level reached) in extracellular PGE2. The kinetics of intra-
cellular PGE2 levels were similar to that of extracellular
PGE2 in mrp4�/� and mrp4�/� MEF cells (Fig. 4B). However,
both mrp4�/� and mrp4�/� MEF cells exhibited a substantial
reduction in the intracellular PGE2 (�65% of the highest
levels reached) at 24 h. To illustrate the contribution of mrp4
to the efflux of PGE2, the ratios of extracellular PGE2 to
intracellular PGE2 levels were calculated to correct for the
differences in the intracellular PGE2 level between mrp4�/�

and mrp4�/� cells (Fig. 4C). The ratio for mrp4�/� MEF cells
was higher than that of mrp4�/� cells and continued to rise
with time, whereas the lower ratio for mrp4�/� cells reached
a plateau at 3 h. At 24 h, the ratio for mrp4�/� MEF cells was
significantly higher than that of mrp4�/� cells, suggesting
that mrp4 contributes to the considerable level of extracel-
lular PGE2 in mrp4�/� MEF cells. The expression of Cox-2
protein in mrp4�/� and mrp4�/� MEF cells was also de-
termined simultaneously with the PGE2 measurements.
Mrp4�/� MEF cells exhibited a greater induction of Cox-2
protein than mrp4�/� cells at each time point over the
course of the measurements (Fig. 4D). The kinetics of
Cox-2 induction corresponded closely to that of intracellu-
lar PGE2 levels and both mrp4�/� and mrp4�/� MEF cells

exhibited a substantial decline in Cox-2 protein levels at
24 h.

The contribution of cAMP-mediated signaling and Cox-2
to extracellular PGE2 was also examined. Treatment of
mrp4�/� MEF cells with H-89, a specific PKA inhibitor
(Chijiwa et al., 1990), led to a partial decrease (53%) in the
level of extracellular PGE2 (Fig. 4E). Furthermore, treat-
ment of mrp4�/� MEF cells with the Cox-2 preferential
inhibitor 6-methoxy-2-naphthyl acetic acid (Meade et al.,
1993) caused a marked reduction (88%) in the level of
extracellular PGE2. Both inhibitors produced a significant
reduction in the level of extracellular PGE2 produced by
mrp4�/� cells but no significant effects on mrp4�/� MEF
cells (one-way ANOVA). Taken together, these findings
suggest that the level of extracellular PGE2 is attributable
to the combination of mrp4-mediated efflux PGE2 and
cAMP signaling-modulated Cox-2 expression in MEF cells.

Fig. 4. Effects of mrp4 deficiency on the transport of PGE2 in MEF cells.
A and B, time courses of extracellular and intracellular levels of PGE2
after plating of MEF cells. After cell plating, the growth medium and cell
pellets of mrp4�/� and mrp4�/� MEF cells were collected at the indicated
time points. The medium and purified cell lysates were assayed for the
concentrations of extracellular and intracellular PGE2 using an EIA kit
as described under Materials and Methods. The values were the means �
S.E. from measurements of three independent wells performed in a single
experiment. C, time-dependent changes in the ratio of extracellular to
intracellular PGE2 levels. The calculated ratios were based on the PGE2
levels presented in A and B. �, p � 0.05, compared with mrp4�/� MEF
cells at each time point; unpaired t test, two-tail. D, the time course of
Cox-2 induction after plating of MEF cells. Aliquots of cells from the
treatment described in A and B were collected and analyzed for the
protein levels of Cox-2 and actin by Western blotting. The relative Cox-2
level was obtained by normalizing the Cox-2 level against the actin level
at each time point. E, effects of PKA and Cox-2 inhibitors on extracellular
PGE2 levels. Mrp4�/� and mrp4�/� MEF cells were plated and grown in
the absence and presence of 10 �M H-89 or 50 �M 6-methoxy-2-naphthyl
acetic acid for 24 h. The growth medium was collected and assayed for
PGE2 levels. Levels of PGE2 are expressed as picograms per milligram of
cellular protein. Data are the means � S.E. from measurements of three
independent wells performed in each of two independent experiments.
Statistical difference was determined by a one-way ANOVA. �, p � 0.05,
compared with the control in each genotype.
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Effects of Mrp4 Knockdown by siRNA on the Extra-
cellular and Intracellular Levels of PGE2 in MEF cells.
To provide further evidence that mrp4 was required for the
efflux of PGE2 in MEF cells, transient knockdown of mrp4
using RNA interference was carried out in mrp4�/� MEF
cells. Transfection of mrp4�/� MEF cells with either of two
different mrp4-siRNAs (1 and 2) caused partial but consid-
erable knockdown of mrp4 concurrently with a relatively
moderate reduction in Cox-2 (Fig. 5A). This concomitant re-
duction in Cox-2, albeit to a lesser extent, was consistent
with that occurring in mrp4�/� MEF cells (Fig. 3B). Whether
mrp4 knockdown in mrp4�/� MEF cells had effects on the
transport of PGE2 was investigated by measuring extracel-
lular and intracellular levels of PGE2. Transfection of
mrp4�/� MEF cells with either of the mrp4-siRNAs resulted
in a marked decrease (�70%) in the extracellular levels of
PGE2 (Fig. 5B). In contrast, the intracellular levels of PGE2

were minimally affected by the knockdowns of mrp4 (Fig.
5C). These results corroborate the findings with mrp4 defi-
cient MEF cells, indicating that mrp4 is responsible for the
efflux of PGE2 in MEF cells.

Plasma Levels of PGE Metabolite and Inflammatory
Nociceptive Threshold in Mrp4-Deficient Mice. Be-
cause a marked reduction in the extracellular levels of PGE2

occurred in mrp4�/� MEF cells relative to mrp4�/� MEF
cells, we ascertained whether the genetic deficiency of mrp4
in mice affected the plasma levels of PGE1 and PGE2. Be-
cause of the rapid and extensive degradation in vivo, PGEM,
the PGE1 and PGE2 metabolite present in the plasma, was

measured to estimate the level of PGE2 secreted into the
extracellular fluids and the circulation. Plasma samples were
collected from six to seven mice of each genotype. Consistent
with the finding with MEF cells, mrp4�/� mice exhibited an
approximate 50% decrease in the levels of PGEM in the
plasma relative to wild-type animals (Fig. 6A).

Because PGE1 and PGE2 in the periphery enhance noci-
ceptive pathways to produce hyperalgesia or pain hyper-
sensitivity (Burian and Geisslinger, 2005), we measured
whether mrp4 deficiency resulted in an altered responsive-
ness to pain in mice after a local inflammatory challenge. To
accomplish this, wild-type and mrp4�/� mice were assessed
for thermal and mechanical nociceptive thresholds after uni-
lateral intradermal injection of capsaicin, a local irritant
producing an inflammatory response. The ipsilateral hind-
paws were injected with capsaicin, whereas contralateral
hindpaws not injected with capsaicin were used as controls.
Both wild-type and mrp4�/� mice had a similar latency of
paw withdrawal, or baseline threshold, in thermal and me-

Fig. 5. Effects of mrp4 knockdown on the levels of Cox-2 and PGE2 in
wild-type MEF cells. A, siRNA-mediated knockdown of mrp4 in mrp4�/�

MEF cells. Mrp4�/� MEF cells were transfected with the nontarget
sequence shRNA (control), mrp4-shRNA 1, or mrp4-shRNA 2 and then
grown for 72 h. Total protein was isolated from cells and analyzed for
mrp4, Cox-2, and actin protein by Western blotting, with relative quan-
titative levels of mrp4 and Cox-2 given below the blots. B and C, Levels
of extracellular and intracellular PGE2 in mrp4-knockdown MEF cells.
After 48 h of transfection as described in A, the growth medium was
removed and replaced with fresh complete medium and cells were grown
for another 24 h. The medium and purified cell lysates were assayed for
the levels of extracellular and intracellular PGE2, respectively; the levels
of PGE2 are expressed as picograms per milligram of cellular protein.
Data are the mean � S.E. of three determinations. Statistical difference
was determined by a one-way ANOVA. �, p � 0.05, compared with cells
transfected with the control shRNA.

Fig. 6. Plasma PGE levels and nociceptive responses of mrp4 deficient
mice. A, plasma levels of PGE metabolite in mice. Peripheral blood was
collected from mrp4�/� and mrp4�/� mice. The plasma was then obtained
for measurements of PGE metabolite levels. PGE metabolite levels are
expressed as nanograms per milliliter of plasma. Values are the mean �
S.E. from determinations of six to seven mice per each genotype. �, p �
0.05, compared with wild-type mice; unpaired t test, two-tail. B and C,
thermal paw withdrawal latency and mechanical sensory thresholds in
mice. Capsaicin was injected into the left hind paws (CAP) of mrp4�/�

and mrp4�/� mice 30 min before tests. As a negative control, the right
hind paws (control side, CS) of the same mice were not injected with
capsaicin. The duration of thermal paw withdrawal and the mechanical
sensory threshold were measured as described under Materials and
Methods and expressed in seconds and grams, respectively. Mice not
injected with capsaicin were used to determine the baseline (BL) of
thermal and mechanical thresholds. All values are the mean � S.E. of
determinations performed with three to eight animals. �, p � 0.05,
compared with wild-type mice; unpaired t test, two-tail.
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chanical responses without administration of capsaicin (Fig.
6, B and C). It is noteworthy that mrp4�/� mice exhibited a
prolonged latency of withdrawal from a thermal source
(Fig. 6B) and an increase in tolerance to weight application
(Fig. 6C) in ipsilateral hindpaws compared with wild-type
animals. These findings suggest that a deficiency in mrp4
causes an increase in the threshold of pain responsiveness
possibly attributable to a reduction in peripheral PGE1 and
PGE2 levels.

Discussion
The discovery of MRP4 as a transporter of cyclic nucleo-

tides and prostaglandins has important implications in the
homeostasis of these signaling molecules inside cells. The
efflux properties of MRP4 for cAMP and cGMP provide an
alternative or complementary mechanism to the phosphodi-
esterases as modulators of the intracellular concentration of
these second messengers (Chen et al., 2001; Adachi et al.,
2002). It has been proposed that MRP4 functions as an over-
load mechanism for exceedingly high levels of cAMP and is
less likely to regulate intracellular cAMP levels because of its
relatively low affinity for cyclic nucleotides (Adachi et al.,
2002; Borst et al., 2004). However, our results with MEF cell
lines deficient in mrp4 demonstrate that a decrease in extra-
cellular cAMP occurs concurrently with an increase in the
intracellular level of this cyclic nucleotide under conditions of
normal growth and upon stimulation of cAMP synthesis.
These findings provide evidence that MRP4/mrp4 can play a
role in the regulation of intracellular cAMP levels.

An increase in the level of intracellular cAMP as a result of
a deficiency in mrp4 has a significant impact on cAMP-
mediated signaling events. Our results demonstrate that
abrogation of mrp4 leads to attenuated PKA activity and
down-regulated Cox-2 expression in MEF cells. We also
show that prolonged treatment with the phosphodiester-
ase inhibitor IBMX produces a further down-regulation of
Cox-2 in mrp4�/� MEF cells. The down-regulation does not
occur in wild-type MEF cells exposed to IBMX because
mrp4 remains available to bring down any increase in the
level of intracellular cAMP. It has also been reported that
long-term exposure of cells to a cAMP agonist causes a loss
of the C-subunit of PKA and attenuates CREB transcrip-
tional activity as a result of dephosphorylation of CREB at
Ser133 (Mayr and Montminy, 2001). Thus, the attenuation
of cAMP-mediated signaling in mrp4-deficient cells repre-
sents the cellular adaptation to the persistent elevation in
intracellular cAMP or acts as a negative feedback mecha-
nism to prevent excessive stimulation of the expression of
target genes such as Cox-2.

Our gene knockout and knockdown studies support previ-
ously reported findings with overexpressed MRP4 that mrp4
mediates the efflux of PGE2 (Reid et al., 2003; Sauna et al.,
2004; Rius et al., 2005). Thus, mrp4 deficiency leads to a
pronounced decrease in the levels of extracellular PGE2. No-
ticeably, mrp4�/� cells still exhibit the kinetics of extracel-
lular PGE2 levels essentially paralleling that of extracellular
PGE2 levels in wild-type MEF cells during the early time
points of the measurements. This small rise in extracellular
PGE2 levels in mrp4�/� cells, which coincides with the in-
duction of Cox-2 protein after cell plating, may result from
outward passive diffusion (Schuster, 2002) or the action of

unidentified PGE2 efflux transporters. However, mrp2, which
has also been identified to mediate active efflux of PGE2 (de
Waart et al., 2006), does not play a role in this case because its
expression is not detectable in MEF cells (Lin et al., 2002). A
decline in extracellular PGE2 levels in both mrp4�/� and
mrp4�/� cells at 24 h is attributable to the combined effects of
the prostaglandin transporter-mediated influx (Schuster, 2002)
and a decrease in Cox-2 expression.

The data on intracellular levels of PGE2, however, contra-
dicted the assumption that an increase in intracellular PGE2

would occur in the absence of the mrp4 transporter. In fact,
the level of intracellular PGE2 in mrp4-deficient cells is low,
at approximately half that in mrp4�/� cells. We postulate
that this phenomenon is attributable to an increase in the
intracellular degradation of PGE2 (Schuster, 2002) and/or a
decrease in the de novo synthesis of PGE2 as a result of
attenuated Cox-2 expression in mrp4-deficient cells. Similar
results were also obtained using the approach of RNA inter-
ference-mediated knockdown of mrp4 in wild-type cells.
Mrp4 knockdown produces a relatively smaller reduction in
basal Cox-2 levels than that occurring in mrp4�/� cells be-
cause the depletion of mrp4 by this approach is only partial.
For the same reason, the intracellular PGE2 levels may be
less affected compared with those occurring in mrp4�/� cells.
Collectively, the findings suggest that mrp4 functions as a
major efflux transporter for PGE2 and a mechanism for
regulating PGE2 synthesis in MEF cells. The reduction
in Cox-2 expression occurs secondarily to the absence of
mrp4, presumably serving to prevent the build-up of intra-
cellular PGE2 and/or excessive PGE2 synthesis. The inter-
play between MRP4 and prostaglandin-synthesizing en-
zymes has been suggested by the recent report of Rius et
al. (2005) demonstrating that MRP4 and Cox-2 are coex-
pressed and colocalized in epithelia cells of the human
seminal vesicles, a source of prostaglanoids, in the urogen-
ital tract. This finding substantiates our assertion that
mrp4 is indispensable for cells actively producing and se-
creting prostaglandins.

Consistent with the consequences of an mrp4 deficiency in
vitro, mrp4�/� mice display an approximate 50% decrease in
the plasma level of the PGE metabolite. Mrp2 may be respon-
sible for the remaining 50% plasma level of PGE metabolite
produced by mrp4 deficient mice. With respect to tissue dis-
tribution, MRP4 is reportedly expressed in the apical mem-
brane of the proximal tubule of the kidney at a high level (van
Aubel et al., 2002; Maher et al., 2005). Thus, the notion was
that mrp4�/� mice should manifest an increase in the plasma
PGE metabolite level because of impaired renal excretion.
This contradiction to our finding may be reconciled by the
assumption that the renal clearance of PGE metabolite still
occurs possibly due to compensation by mrp2 in the kidney.
In addition, the overall PGE synthesis and/or secretion by
tissues of mrp4�/� mice is reduced. It has been broadly
recognized that NSAIDs exert analgesic effects by inhibiting
prostaglandin synthesis and preventing the lowering of the
nociceptive threshold at both peripheral and central sites
(Dionne et al., 2001; Burian and Geisslinger, 2005). More-
over, recent reports demonstrate that mrp4 is inhibited by
indomethacin and several other NSAIDs at physiologically
relevant concentrations (Reid et al., 2003; El-Sheikh et al.,
2007). Therefore, the reduction in plasma PGE metabolite
levels in mrp4�/� mice is likely to cause the phenotype of an
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increase in nociceptive thresholds in response to mechanical
and thermal stimuli. Our findings provide the first evidence
that mrp4-mediated prostaglandin transport has physiologi-
cal significance in the regulation of inflammatory nociceptive
responses in vivo. However, we cannot rule out a possible
contribution of altered ion channel activity by PKA in noci-
ceptive neurons (Fitzgerald et al., 1999) to the attenuation
of pain responses in mrp4�/� mice. cAMP and cAMP agonists
have been implicated in promoting PGE2-induced primary
afferent hyperalgesia (Taiwo et al., 1989). Because mrp4
deficiency causes the attenuation of PKA activity and Cox-2
expression in vitro, the involvement of the cAMP-mediated
signaling pathway in modulating inflammatory nociceptive
responses in vivo will be worthy of further investigation.
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